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Introduction {#sec1}
============

Circadian rhythmicity is nearly ubiquitous among eukaryotic organisms and present in at least one prokaryote, the cyanobacterium *Synechococcus elongatus* ([@bib5]). These endogenously generated rhythms of gene expression, physiology, and behavior are expressed in constant environmental conditions and are said to be "free running," expressing an endogenous period of approximately but not exactly 24 h. To be adaptive, endogenous rhythms typically entrain to daily environmental cues or "Zeitgebers," such as the light cycle (LD) or other, non-photic, Zeitgebers to ensure organisms\' synchrony with rhythmic environmental conditions. Furthermore, in multicellular organisms, at least, the "biological clock" underlying these rhythms coordinates diverse processes so as to orchestrate advantageous phase relationships among disparate parts of the organisms and among complex physiological processes.

In vertebrate animals, much of the temporal coordination is effected hierarchically by the master pacemaker in the hypothalamic suprachiasmatic nuclei (SCN), which are entrained to LD cycles via the retinohypothalamic tract ([@bib43], [@bib33]). The SCN in turn synchronizes the activities of diverse peripheral oscillators in the brain and elsewhere via a variety of neural and humoral pathways ([@bib17], [@bib2], [@bib45], [@bib32]). These rhythms are the result of a well-described gene network of "positive elements" *clock* and *Bmal1* as well as "negative elements" *period* (*per1*, *per2*, *per3*) and *cryptochrome* (*cry1*, *cry2*) among other clock genes ([@bib43], [@bib5]). Among the processes that are orchestrated by this complex web of central and peripheral oscillators are circadian patterns of multiple hormonal signals, such as pineal/enteric melatonin, corticoids, and growth hormone ([@bib34], [@bib49]). Second, autonomic outflow is regulated on a circadian basis as are metabolic rhythms such as oxygen uptake and body temperature (T~B~) ([@bib3]).

In addition to the ubiquitous eukaryotic clocks, the cyanobacterium *Synechococcus elongatus* expresses a well-established circadian clock ([@bib12], [@bib24]). This single-celled cyanobacterium expresses circadian rhythms in photosynthesis, nitrogen fixation, gene expression, and redox sensing ([@bib12]). The molecular mechanism for the cyanobacterial clock comprises three core clock proteins, KaiA, KaiB, and KaiC ([@bib28], [@bib31]). The hexameric KaiC serves as the central component, exhibiting rhythmic autokinase activity followed by autophosphatase activity over the course of the 24-h cycle ([@bib35], [@bib22]). Phosphorylation is augmented by KaiA ([@bib38]), whereas phosphatase activity is enhanced by KaiB ([@bib26]). Mutation or knockout of these three proteins abolishes or disrupts circadian rhythms, demonstrating their necessity ([@bib28], [@bib23]). Furthermore, circadian rhythms of phosphorylation of KaiC can be observed from isolated KaiA, KaiB, and KaiC proteins *in vitro* in the presence of ATP, demonstrating they are sufficient for rhythmicity as well ([@bib37]). The KaiABC complex and the circadian rhythm it generates is entrained to the ambient LD cycle through photosynthetic changes in the ATP/ADP ratios ([@bib44]). Although the *S*. *elongatus* circadian clock remains the only well-characterized prokaryotic circadian clock, the Kai proteins are common in cyanobacterial genomes, suggesting the possibility that other cyanobacteria possess homologous circadian clocks ([@bib16], [@bib24]).

Recently we have shown that the enteric proteobacterium, *Klebsiella* (née *Enterobacter*) *aerogenes*, a human gastrointestinal commensal, expresses a temperature-compensated circadian rhythm ([@bib39]). These bacteria swarm in the presence of the pineal and enteric hormone melatonin, exhibiting band-like patterns with circadian periodicities. On transformation of the bacteria to express *Photorabdus* luciferase (*luxCDABE*) with the promoter for the flagellar stator MotA (*motA*::*luxCDABE*), rhythms of bioluminescence were observed that were temperature-compensated with a Q~10~ of 0.96. The presence of melatonin had no effect on the presence or absence of bioluminescence rhythmicity or free-running period, but melatonin did synchronize the rhythm, raising the possibility that this hormone may serve as a Zeitgeber for these organisms. However, technical difficulties concerning reliably delivering melatonin cycles on the semi-solid agar have made these analyses difficult.

Daily patterns of core body temperature (T~B~) have been known in the human gastrointestinal system for many years ([@bib3]). These rhythms reliably correlate with many physiological processes, including sleep, metabolism, and feeding ([@bib4]). Daily patterns of core T~B~ vary among individuals between 1°C and 1.5°C in amplitude, depending on individuals\' "morningness" and "eveningness" ([@bib4], [@bib56]). Furthermore, rhythms of temperature in ranges of 1°C--4°C entrain and sustain rhythmic patterns of gene expression in cultured fibroblasts and liver explants ([@bib6]). The present study demonstrates that the *K*. *aerogenes* circadian clock shows circadian rhythmicity that can be entrained to changes in ambient temperature (T~A~) that correspond to changes in T~B~. This entrainment pattern is consistent with the hypothesis that *K*. *aerogenes* may entrain to its host via non-parametric entrainment to the normal rhythm of T~B~.

Results {#sec2}
=======

Entrainment {#sec2.1}
-----------

A summary of amplitude, period, and phase results is provided in [Table 1](#tbl1){ref-type="table"}. High-amplitude rhythms of bioluminescence were observed during T-cycles at both 1°C and 3°C amplitudes ([Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"}). In the absence of melatonin, the amplitude of the bioluminescence rhythm during T = 24 at 1°C was 2.133 counts/s ±0.215 counts/s ([Figure 1](#fig1){ref-type="fig"}G, bottom). During T = 22 at 1°C, the amplitude was 2.186 ± 0.165 counts/s ([Figure 2](#fig2){ref-type="fig"}G, bottom); during T = 28, it was 3.123 ± 0.125 counts/s ([Figure 3](#fig3){ref-type="fig"}G, bottom). T-cycles at 3°C in the absence of melatonin resulted in bioluminescence rhythms with amplitudes of 4.923 ± 0.944 counts/s at T = 24 ([Figure 1](#fig1){ref-type="fig"}G, top), 1.176 ± 0.173 counts/s at T = 22 ([Figure 2](#fig2){ref-type="fig"}G), and 1.926 ± 0.563 counts/s at T = 28 ([Figure 3](#fig3){ref-type="fig"}G, bottom). In the presence of 1 nM melatonin, the bioluminescence rhythm amplitudes were 5.391 ± 0.939 counts/s for T = 24 ([Figure 1](#fig1){ref-type="fig"}G, top), 1.381 ± 0.191 counts/s for T = 22 ([Figure 2](#fig2){ref-type="fig"}G, top), and 1.635 ± 0.585 counts/s for T = 28 ([Figure 3](#fig3){ref-type="fig"}G, top). Owing to the high variability in amplitude, no systematic changes in amplitude were discernible among T-cycles or owing to the presence or absence of melatonin.Table 1Summary Results for Entrainment and Free-Running Data from All T-Cycle ExperimentsT-Cycle (h)Temperature Δ (°C)ConditionPeriod (h)Ψ~EFR~ (h)Amplitude (Counts)243ControlEntrainment23.632 ± 0.1613.8 ± 0.34.923 ± 0.500Free Run24.697 ± 0.5320.944 ± 0.339MelatoninEntrainment24.571 ± 0.4161.6 ± 0.15.391 ± 0.939Free Run25.929 ± 0.8920.436 ± 0.0491ControlEntrainment26.000 ± 0.2772.4 ± 0.42.133 ± 0.215Free Run24.786 ± 0.9210.299 ± 0.047223ControlEntrainment22.250 ± 0.1641.2 ± 0.41.176 ± 0.173Free Run23.750 ± 0.7500.128 ± 0.026MelatoninEntrainment22.000 ± 0.1891.4 ± 1.21.381 ± 0.027Free Run24.286 ± 0.9440.103 ± 0.0271ControlEntrainment24.522 ± 0.3921.1 ± 0.52.186 ± 0.165Free Run23.132 ± 0.5270.088 ± 0.011283ControlEntrainment28.000 ± 0.0000.5 ± 0.41.926 ± 0.590Free Run23.667 ± 0.8430.364 ± 0.239MelatoninEntrainment28.000 ± 0.0000.3 ± 0.21.635 ± 0.621Free Run24.800 ± 1.1140.573 ± 0.3101ControlEntrainment28.581 ± 0.1270.9 ± 2.93.123 ± 0.128Free Run23.912 ± 0.3730.518 ± 0.0428[^2]Figure 1*K*. *aerogenes motA Expression* Entrains to a 24-h T-CycleBioluminescence from swarming cultures entrained to (A) 3°C or (B) 1°C cycles of 12H:12L. High temperature is indicated by white rectangles and low temperature by black rectangles above entrainment traces in (A) and (B) Representative traces are in black, and other samples determined as rhythmic by MetaCycle are in gray. Rhythms were driven equally well by 3°C in the absence (A, left) or presence (A, right) of 1 nM melatonin. After release into constant low temperature, circadian rhythms persisted in both vehicle-treated (C, left) or melatonin-treated (C, right) cultures. Period analysis (E, top) showed no significant difference in period length in entrained or free-running cultures. Phases of entrained and free-running cultures showed no significant differences (F, top). Amplitudes between entrained and free-running cultures were significantly different in both melatonin-treated and non-treated cultures (G, top). Cycles of temperature of 1°C also entrained cultures (B) and rhythms persisted in constant low temperature (D); however, amplitude was significantly lower than that of 3°C cycling conditions (G, bottom). Period length showed higher variation compared with higher-amplitude temperature cycles (E, bottom), but no significant difference between entrained and free-running cultures was observed. Phases of entrained and free-running cultures under 1°C variation were not significantly different (F, bottom). Amplitudes between entrained and free-running cultures were significantly different under 1°C variation (G, bottom). Asterisks indicate p \< 0.001 as determined by one-way ANOVA on ranks with Dunn\'s *post hoc* test.Figure 2*K*. *aerogenes motA Expression* Entrains to a 22-h T-CycleBioluminescence from swarming cultures entrained to (A) 3°C or (B) 1°C cycles of 11H:11L. High temperature is indicated by white rectangles and low temperature by black rectangles above entrainment traces in (A) and (B) Representative traces are in black, and other samples determined as rhythmic by MetaCycle are in gray. Rhythms were driven equally well by 3°C in the absence (A, left) or presence (A, right) of 1 nM melatonin. After release into constant low temperature, circadian rhythms persisted in both vehicle-treated (C, left) or melatonin-treated (C, right) cultures. Period analysis (E, top) showed no significant difference in period length in entrained or free-running cultures. Similarly, the phases of entrained and free-running cultures showed no significant differences (F, top). Amplitudes between entrained and free-running cultures were significantly different in both melatonin-treated and non-treated cultures (G, top). Cycles of temperature of 1°C also entrained cultures (B), and rhythms persisted in constant low temperature (D). Period length variability was increased compared with cultures under higher temperature variation (E, bottom), but no significant difference between entrained and free-running cultures was observed. Phases of entrained and free-running cultures under 1°C variation were not significantly different (F, bottom). Amplitudes between entrained and free-running cultures were significantly different under 1°C variation (G, bottom). Asterisks indicate p \< 0.001 as determined by one-way ANOVA on ranks with Dunn\'s *post hoc* test.Figure 3*K*. *aerogenes motA Expression* Entrains to a 28-h T-CycleBioluminescence from swarming cultures entrained to (A) 3°C or (B) 1°C cycles of 14H:14L. High temperature is indicated by white rectangles and low temperature by black rectangles above entrainment traces in (A) and (B) Representative traces are in black, and other samples determined as rhythmic by MetaCycle are in gray. Rhythms were driven equally well by 3°C in the absence (A, left) or presence (A, right) of 1 nM melatonin. After release into constant low temperature, circadian rhythms persisted in both vehicle-treated (C, left) or melatonin-treated (C, right) cultures. Period analysis (E, top) showed complete entrainment to 28-h T-cycles that decreased upon release into constant low temperature. After aligning peak phase to onset of higher temperature, no significant difference in phase was observed (F, top). Amplitudes between entrained and free-running cultures were not significantly different in either melatonin-treated or non-treated cultures (G, top). Cycles of temperature of 1°C also entrained cultures (B), and rhythms persisted in constant low temperature (D); however, amplitude was significantly lower than that of 3°C cycling conditions (G, bottom). Period length showed higher variation compared with higher-amplitude temperature cycles (E, bottom), but no significant difference between entrained and free-running cultures was observed. Phases of entrained and free-running cultures under 1°C variation were not significantly different (F, bottom). Asterisks indicate p \< 0.001 as determined by one-way ANOVA on ranks with Dunn\'s *post hoc* test.

The period of the bioluminescence rhythms during the T-cycles (t) for each set of cultures corresponded to the T-cycles in which they were incubated. In T = 24, the average t was 23.632 ± 0.161 h in the 3°C control-treated cultures, 24.571 ± 0.416 h in the 3°C melatonin-treated cultures ([Figures 1](#fig1){ref-type="fig"}A and 1E), and 26.000 ± 0.277 h in the 1°C amplitude ([Figures 1](#fig1){ref-type="fig"}B and 1E). In T = 22, the average t was 22.250 ± 0.164 h in the 3°C control-treated cultures, 22.000 ± 0.189 h in the 3°C melatonin-treated cultures ([Figures 2](#fig2){ref-type="fig"}A and 2E), and 23.439 ± 0.314 h in the 1°C amplitude ([Figures 2](#fig2){ref-type="fig"}B and 2E). In T = 28, the average t was 28.000 ± 0.000 h in the 3°C control-treated and melatonin-treated cultures ([Figures 3](#fig3){ref-type="fig"}A and 3E) and 28.581 ± 0.127 h in the 1°C amplitude ([Figures 3](#fig3){ref-type="fig"}B and 3E).

Free Run {#sec2.2}
--------

Following release into constant low temperature, the amplitudes of all bioluminescence rhythms decreased 10-fold but persisted ([Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"}C, and 3G). Following T = 24 at 3°C, the average τ was 24.697 ± 0.532 h in control-treated cultures and 25.929 ± 0.892 h in melatonin-treated cultures ([Figures 1](#fig1){ref-type="fig"}C and 1E). Following T = 24 at 1°C amplitude, the average τ was 24.786 ± 0.921 h ([Figures 1](#fig1){ref-type="fig"}D and 1E). Following T = 22 at 3°C, the average τ was 23.750 ± 0.750 h in control-treated cultures and 24.286 ± 0.944 h in melatonin-treated cultures ([Figures 2](#fig2){ref-type="fig"}C and 2E). Following T = 22 at 1°C amplitude, the average τ was 22.376 ± 0.363 h ([Figure 2](#fig2){ref-type="fig"}E). Finally, following T = 28 at 3°C, the average τ was 23.667 ± 0.843 h in control-treated cultures and 24.800 ± 1.114 h in melatonin-treated cultures ([Figures 3](#fig3){ref-type="fig"}C and [2](#fig2){ref-type="fig"}E). Following T = 28 at 1°C amplitude, the average τ was 23.912 ± 0.373 h ([Figures 3](#fig3){ref-type="fig"}D and [2](#fig2){ref-type="fig"}E).

Phase Angle {#sec2.3}
-----------

The phase (φ) of the bioluminescence rhythms, determined as the half-maximal rise for bioluminescence, of the free-running rhythms (φ~FR~) largely corresponded to the φ of the entrained rhythm (φ~E~). The phase relationship between φ~E~ and φ~FR~ (Ψ~EFR~) in the 1°C T = 24 cycle was 2.4 ± 0.4 h and in the 3°C T = 24 cycle was 3.8 ± 0.3 h in the absence of melatonin and 1.6 ± 0.1 h in the presence of melatonin ([Figure 1](#fig1){ref-type="fig"}F). The Ψ~EFR~ in the 1°C T = 22 cycle was 1.1 ± 0.5 h, and the Ψ~EFR~ in the 3°C T = 22 cycle was 1.2 ± 0.4 h in the absence of melatonin and 1.4 ± 1.2 h in the presence of melatonin ([Figure 2](#fig2){ref-type="fig"}F). The Ψ~EFR~ in the 1°C T = 28 cycle was 0.9 ± 2.8 h and in the 3°C T = 28 cycle was 0.5 ± 0.4 h in the absence of melatonin and 0.3 ± 0.2 h in the presence of melatonin ([Figure 3](#fig3){ref-type="fig"}F).

Phase Response and Transition Curves {#sec2.4}
------------------------------------

Cultures that had been maintained in 34°C for three cycles and then delivered a 1-h pulse of 37°C at different phases of the bioluminescence rhythm initially exhibited a large decrease in bioluminescence, then a very large increase in bioluminescence and a decrease in bioluminescence, all outside the range of detection ([Figure 4](#fig4){ref-type="fig"}A). Despite the duration of the temperature shift (1 h), the increase lasted for almost 24 h.Figure 4*K*. *aerogenes* Exhibits "Type 0" Phase Resetting Behavior in Response to TemperatureSchematic (A) describing the experimental design of recording 3 days of free running (after 3 days of 3°C 12H:12L entrainment) followed by a 1-h pulse of 3°C and return to free-running conditions for an additional 3 days. PRC (B) generated by plotting the magnitude of phase shift across 10 phases. Each data point represents a single culture, with multiple experiments comprising the entire dataset. CT6 here is defined as the pre-pulse peak of bioluminescence. A Phase Transition Curve (C) was generated by plotting the pre-pulse phase against the post-pulse phase from the PRC. Linear regression analysis is indicated by the solid line segment. The dashed line segment represents a slope equal to 1.

Temperature pulses also resulted in phase-dependent changes in φ (Δφ) of the bioluminescence rhythms of these cultures ([Figure 4](#fig4){ref-type="fig"}B). In this case, the phase reference (φ~R~) was the acrophase, or peak, of the bioluminescence rhythm. Calculation of the phase response curve (PRC), in which the φ~R~ was plotted against the φ~R~ at which the pulse was delivered (where acrophase corresponded to Circadian Time \[CT\] 6), revealed a relative insensitivity to the temperature change during the "subjective day" (CT0--CT12). This corresponded to a "dead zone" in the resultant PRC. There was a large delay period (-Δφ) from CT12 to CT18 and a rapid transition to high-amplitude phase advances (+Δφ) from CT18 to CT0.

Calculation of a phase transition curve (PTC), in which the new φ was plotted on the y axis and the old φ was plotted on the x axis, revealed a "Type-0" PTC in that the slope of the resultant linear regression was 0.19 with an r^2^ value of 0.11 ([Figure 4](#fig4){ref-type="fig"}C).

IVIS Imaging {#sec2.5}
------------

A very-high-amplitude circadian pattern of bioluminescence was observed in *K*. *aerogenes* cultures ([Figure 5](#fig5){ref-type="fig"}A). Detrending data from two example wells ([Figure 5](#fig5){ref-type="fig"}B) show that the average period (τ) was 25.4 ± 0.4 h. This τ was similar to those observed in our previously published data for cultures at 34°C and 37°C in the absence of melatonin employing the LumiCycle system (with τ = 24.5 ± 0.5 h; [@bib39]) and to the average τ described earlier. Because the cultures were in the absence of melatonin, they were out of phase with each other (see [Video S1](#mmc2){ref-type="supplementary-material"}). Interestingly, the spatial pattern of the rhythmic bioluminescence unexpectedly emanated from the inoculation site and proceeded to the colonies\' periphery (see [Video S1](#mmc2){ref-type="supplementary-material"}).Figure 5Real-Time Bioluminescence Imaging of *K*. *aerogenes*Bioluminescence was measured from a 24-well cell culture plate containing swarming cultures of *K*. *aerogenes* initially high-amplitude rhythm that damps over time (A). Two representative wells (B) are shown with inset images of the quantified signal at 4-h intervals after baseline correction. The full plate can be seen in [Video S1](#mmc2){ref-type="supplementary-material"}. Average period of bioluminescence from all intact cultures was ∼25.0 h. Cultures that cracked during the imaging were not included in the analysis.

Video S1. Real-Time Bioluminescence Imaging of *K. aerogenes*A 24-well plate containing *K*. *aerogenes* in semi-solid EMB agar over 66 h inside an IVIS imager. Luciferase expression is shown pseudo-colored by Living Image software, where blue is low-level expression and red is high-level expression. See also [Figure 5](#fig5){ref-type="fig"}.

Discussion {#sec3}
==========

The present study demonstrates that the circadian clock of the enteric bacterium *K*. *aerogenes*, which had previously been shown to be temperature-compensated ([@bib39]), entrains to variations of T~A~ that are comparable with daily changes in T~B~. This clock maintains a stable Ψ relative to several T-cycles ranging from T = 22 to T = 28 ([Figures 1](#fig1){ref-type="fig"}, [2](#fig2){ref-type="fig"}, and [3](#fig3){ref-type="fig"}). These entrainment data are consistent with both the PRC and PTC that show a Type 0 PRC and PTC, capable of entrainment to any environmental temperature cycle ([Figure 4](#fig4){ref-type="fig"}). Furthermore, the IVIS imaging data suggest that the circadian rhythm of *K*. *aerogenes* is expressed in both a temporal and spatial dynamic such that *pmotA*::*luxCDABE* bioluminescence rhythmically expanded from and withdrew to the site of bacterial inoculation ([Figure 5](#fig5){ref-type="fig"}; [Video S1](#mmc2){ref-type="supplementary-material"}). Entrainment appears to be phase locked to the onset of temperature increase, since the Ψ~EFR~ is most consistent when temperature onset is used as the φ~E~. This is remarkable in view of the fact that the generation time of *K*. *aerogenes* is 30 ± 0.3 min ([@bib25]), much shorter in duration than the period of a single day. This is similar to the situation in *S*. *elongatus*, whose doubling time is about 10 h ([@bib36], [@bib37]), in the sense that the generation time is shorter than the circadian period. Obviously, *K*. *aerogenes\'* cell division rate is much more rapid than the rate in the cyanobacterium, so the effect is much more dramatic.

It is worth noting that the amplitudes of bioluminescence rhythms during all T-cycles were significantly higher than those during the free run following the T-cycles. The reasons for this decrease may be manifold. First, the decrease in amplitude may reflect damping of the oscillator underlying the overt rhythm. Although this may be partially the case, the free run persists for at least 4 days following release into constant low temperature. Furthermore, if this were the case, we would also expect to see a broadening of the succeeding bioluminescence traces and/or a change in period during the trace. These are not apparent in the data. Second, since these cultures are on semi-solid agar, it is possible that extended time in this culture environment may expend nutrients in the dish. This is clearly possible, but the decrease in amplitude is a square-wave decline following the release into constant temperature. Third, and similarly, the decrease may reflect a decrease in ambient oxygen content in the sealed dishes. O~2~ necessary for aerobic conditions for this organism, and it is also a required cofactor for the bioluminescence mechanism itself. As with the nutrient argument, we would expect a gradual decline in amplitude rather than the abrupt decrease we see. The most likely reason is that entrainment of the oscillator(s) themselves increases the rhythm amplitude of the underlying oscillation. We are currently exploring a different culture method to address these issues.

The host circadian clock is known to affect the composition and luminal location of the intestinal microbiota, of which *K*. *aerogenes* is a component. Although total microbial activity may not vary over the time of day, individual taxa are rhythmic with different phases over the course of the day ([@bib29], [@bib50]). Disruption of the host\'s circadian clock by *per1/per2* double knockout ([@bib50]), by *Bmal1* knockout ([@bib30]), or by *Clock* mutation ([@bib53]) alters fecal bacterial composition. In addition to daily changes in microbial composition, rhythms of the biogeography of motile bacteria within the gastrointestinal tract are such that bacteria associate with the intestinal epithelia of mice during the night ([@bib51]). Simulated jetlag also disrupts daily patterns of metabolic pathways (Kyoto Encyclopedia of Genes and Genomes; KEGG), such as vitamin metabolism, nucleotide metabolism, and two component/secretion systems ([@bib50]), and alters the gut microbiota configuration via increasing Firmicutes bacteria and decreasing Bacteroides ([@bib52]).

The present data raise the interesting idea that at least this particular member of the human microbiome synchronizes to the gastrointestinal clock ([@bib18], [@bib21]) via a circadian sensitivity to small, daily, and circadian changes in T~B~. In this regard, one could consider this and other members of the microbiome as peripheral oscillators, under the control of the mammalian circadian system writ large ([@bib45], [@bib8]). In this sense, the idea that T~B~ may act as an "internal Zeitgeber" in the entrainment of peripheral oscillators is not new. [@bib7] have shown that *ex vivo* explants of liver tissue and cultured fibroblasts could be entrained to cycles of T~A~. These authors suggested that daily changes in T~B~ could serve to synchronize peripheral clocks.

Rhythms of T~B~ are not the only Zeitgeber for either peripheral oscillators or the microbiome. Certainly, in the case of peripheral tissues, endocrine signals such as melatonin or glucocorticoids ([@bib10], [@bib11], [@bib14]) are direct outputs of the central pacemaker in the SCN and synchronize peripheral rhythms. Furthermore, it is known that circadian regulation of sympathetic activity influences and/or affects circadian rhythms in pineal melatonin ([@bib27]), cardiovascular function ([@bib55], [@bib1]), hepatic gene expression ([@bib9], [@bib54]), and gastrointestinal activity ([@bib32]).

In the case of the gastrointestinal system, all three of these pathways, metabolic (T~B~), endocrine, and sympathetic, may play roles in synchronizing the intestinal microbiome. The gastrointestinal system comprises a circadian clock, expressing circadian rhythms in gene expression ([@bib15], [@bib18], [@bib19], [@bib46]), intestinal motility ([@bib18], [@bib21], [@bib32]), and electrolyte absorption ([@bib48]) *in vivo* and *in vitro*. Although these rhythms persist *in vitro*, they are influenced by input from the circadian system, since *per1/per2* double knockout ([@bib20]), SCN lesion ([@bib32]), and constant light (LL) ([@bib41]) abolish them when food is available *ad libitum* but are restored in both cases by timed feeding.

It is interesting to note that, although the circadian clock in *K*. *aerogenes* was originally identified because of the bacterium\'s sensitivity to melatonin and although nanomolar concentrations of melatonin synchronize circadian patterns of bioluminescence ([@bib39]), we could find no evidence that melatonin influences the bacterium\'s sensitivity to T~A~. It is not clear whether gastrointestinal melatonin, which is secreted by the intestines themselves ([@bib47]), serves as an additional Zeitgeber.

It is also unclear how swarming, both as a physiological state and a population-dependent behavior, is related to the circadian rhythm in *K*. *aerogenes*. The entrained and free-running rhythms observed here are being generated by tens of millions of bacteria that are coordinating the activation of motor flagella. The pattern of swarming, resembling a "bulls-eye" pattern, has been extensively reported in *Proteus mirabilis*. In this species, two distinct populations of cells exist; swarming cells that rely on environmental conditions and cell-cell contact move away from the initial inoculation point in a coordinated fashion and then dedifferentiate into swimming cells that undergo cell division ([@bib42], [@bib13]). This process is repeated at the swarm edge, resulting in the formation of the concentric rings that form the bullseye. *K*. *aerogenes*, according to our bioluminescence data, maintains a population of cells at the inoculation point. This appears to be the origin of each round of swarming, and previous generations are overlapped by the succeeding generation. This would explain the pattern of bioluminescence observed in real-time imaging of swarming colonies, where each wave of bioluminescence originates at the inoculum site and radiates outward to the edge of the wells ([Figure 5](#fig5){ref-type="fig"}B and [Video S1](#mmc2){ref-type="supplementary-material"}).

The picture that emerges is a complex series of nested circadian clocks, each dependent on the other. The SCN is a master pacemaker that entrains to the LD cycle and in turn entrains multiple peripheral oscillators throughout the body through multiple pathways, including changes in T~B~, endocrine signals, and neural outputs ([@bib33]). Among these peripheral oscillators is the gastrointestinal system, which houses a semi-independent circadian system that controls many gastrointestinal functions ([@bib18], [@bib46]). These are modified by system inputs directly from the SCN via sympathetic activity or endocrine signals and indirectly via changes in T~B~. Timed feeding can independently influence gastrointestinal circadian φ ([@bib32]). Nested within the gastrointestinal clock, the microbiome differentially expresses multiple rhythms in KEGG pathways as well as changes in the spatial distribution of bacteria between luminal and surface components ([@bib29], [@bib50], [@bib51]). These may be expressed at different φ′s within the circadian cycle. Finally, nested within the intestinal microbiome, at least one species of bacteria, *K*. *aerogenes*, expresses its own independent circadian clock ([@bib40]), which can synchronize rhythms of motility and gene expression to the host\'s rhythm on T~B~ and perhaps other signals such as melatonin. The questions that arise are manifold. Does the rhythm we see in *K*. *aerogenes in vitro* persist in the lumen of the gut *in vivo*? Are the mechanisms by which *K*. *aerogenes* keep time homologous to cyanobacterial circadian clocks? Preliminary data described in [@bib39] suggest at least similarity of *kaiABC* genes to genes within the *K*. *aerogenes* genome; however, no orthologous functions were found. If this is the case, it points to the remarkable conclusion that the emergence of circadian clocks predates oxygen-evolving photosynthesis! Finally, how does the rhythmic microbiome influence the host\'s circadian clock? These are all questions that are at least now addressable with the identification of a single component of the microbiome as part of this meta-biological clock.

Limitations of the Study {#sec3.1}
------------------------

We have shown that the human gut commensal bacterium *K*. *aerogenes* is capable of entraining to T-cycles of 24, 22, and 28 h at temperature differentials of 1°C and 3°C and have described the dynamics of this entrainment by way of PRC. Some of the bioluminescence rhythms (i.e., those in free-running conditions) are low in relative amplitude and absolute quantity. This is likely due to nutrient depletion and could be remedied by using liquid cultures, protocols for which we are currently exploring.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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